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1. Abstract 
Boudins are geologic structures, formed by the extension of a brittle layer, which is 
sandwiched between two ductile layers.  
In this work, experiments with non-scaled analogue models were made to investigate the 
parameters that control the evolution of boudin blocks. For these experiments a single-
viscous-layer setup was used, which had of course some restrictions, but was simple to 
build and showed the principles that are analyzed here. 
Different experiments were performed with radial extension, unidirectional and 
bidirectional extension, different thicknesses of the brittle layer and disruptions in the flow 
of the viscous layer.  
The analysis showed a dependence of the boudin width on the brittle layer’s thickness 
and the extension-rate. Furthermore, point-track images of selected experiments showed 
the flow directions which are responsible for complex boudin movements and rotations. 
The evolution of relay-ramps was investigated, as well as the forming of fractures within 
the brittle layer. 
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2. Introduction 
The aim of this work is to investigate the parameters that control the width and shape of 
boudins with non-scaled analogue models, using viscous and brittle materials. It should 
be shown that the width of boudins depends mainly on the brittle material’s thickness and 
the extension-rate. Furthermore, the effects of different extension-geometries are studied 
(unidirectional, bidirectional, radial, disturbed).  
2.1 Boudins 
Boudinage is the disruption of layers, bodies or foliation planes within a rock mass in 
response to bulk extension along the enveloping surface1.  
In nature, boudins of all kinds form at all scales from microscopic mineral-grain size (fig. 
1 A) up to huge blocks with meter-scale (fig. 1 B) in ductile rock-formations. 
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The first point in describing boudins is to define the kind of the layer. Four main layer-
types can be distinguished (fig.2 b): Objects (e.g. mineral grains, belemnites), single 
layers, multiple-layers and foliations. The next way to differentiate boudins is their shape 
                                            
1
 Goscombe, Passchier Hand (2003) 
6 
 
and the kinematic classes which formed them (Goscombe and Passchier, 2003). 
Symmetrical boudins are formed by no-slip boudinage; asymmetrical boudins formed by 
synthetic and antithetic slip boudinage, depending on the shear sense (fig 2 a).  
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This work deals with the symmetric type of boudins, especially with torn boudins, a kind 
of boudins with sharp inter-boudin surfaces and rectangular boudin-block shape. Torn 
boudins form when there is a high contrast between the tensile strengths of the 
boudinaged layer and the matrix. The width of these boudins is described by the equation  
•
⋅
•=
ze
HSHW
η5.1
2
1   (1) 
(Kidan and Cosgrove, 1995). Variables: H1: thickness of the brittle layer; H2: thickness of 
the matrix; S: tensile strength of the layer; : viscosity of the matrix; z: rate of 
compression normal to the layer. 
For the experiments made in this paper, equation (1) does not work exactly because of 
two essential differences between the system Kidan and Cosgrove described and the 
system used here. In contrast to their double-viscous-layer setup, these experiments 
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were performed with a single-viscous-layer setup, so the second deforming force was 
missing. Furthermore, also caused by the missing second layer, no viscous material 
“flowed” between the boudin blocks and pushed them apart. Because of this, maybe 
smaller beginning cracks did not open. But, and that is the main point, equation (1) 
shows that the width of boudins depends linear on the thickness of the brittle layer. 
2.2 Analogue modeling 
Analogue modeling is a method, used to simulate tectonical processes in a small scale 
and short time. It helps to understand what happens during deformation as it allows 
watching deformation step by step. Of course, analogue models are only simplified 
images of nature, but an important tool in structural geology. As such, it has been used 
for nearly two hundred years (first documented experiment by Sir James Hall, 1812).  
To simulate different rock properties for different structures or places in earth a wide 
range of materials was used. For boudin models Gay and Jeager (1975) compressed a 
thin cylinder of rock within a matrix of crushed rock. Zulauf and Zulauf (2005) used 
plasticine to model coeval folds and boudins. Kidan and Cosgrove (1995) worked with 
paraffin wax using its changing properties (brittle to ductile with increasing temperature). 
Neurath and Smith (1982) used a layer of microcrystalline wax between two blocks of 
paraffin wax to investigate the effect of material properties on growth rate of folds and 
boudins.  
As they are only simplifications of natural processes, analogue models have limitations. 
The materials cannot simulate all important rock properties and in these experiments, 
they are not scaled. Chemical reactions, which can affect the material properties by 
phase transitions, cannot be described.  
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3. Materials 
The first challenge with this work was to find appropriate materials, brittle as well as 
viscous. This being a BSc-thesis, the materials should also be cheap and conventional, 
so materials as plasticine and expensive waxes were discarded. To decide which 
materials should be used for the experiments and to compare their results, it was 
necessary to find a way to measure the properties of these materials: 
3.1 Viscous materials 
For the viscous materials I thought of honey, wallpaper paste and hair gel. But wallpaper 
paste is not transparent and during the viscosity measurement it turned out that there are 
too many bubbles in hair gel. So at that time only honey seemed to have practical 
properties. Then I found a brand of sugar syrup, which is cheaper than honey and has 
comparable properties. Later it turned out that the material did not need to be 
transparent, but there are no better non-transparent materials than that syrup.  
A falling sphere viscometer (fig. 3) was used to measure the viscosity of the viscous 
materials. The fluid is filled in a graduated cylinder (diameter d = 5.94 cm), which has 
three marks at intervals of 8 cm on its side, the first one a few cm below the fluid surface, 
so that the falling velocity is constant. Metal spheres of several radii sank through the 
fluid and the time it took to get over the marks was measured. According to Stokes Law, 
this determines the friction force that a fluid affects on a falling sphere, follows the 
equation for the viscosity  
 








+
−
=
cylinder
sphere
fluidspheresphere
r
r
v
gr
4.21
)²(
9
2 ρρη   (2)2 
with the parameters rsphere: radius of the used sphere, rcylinder: radius of the used cylinder, 
sphere and fluid: densities of the sphere and fluid, g: gravity, v: velocity of the falling 
sphere.  
                                            
2
 Taken from the lecture notes of the physics practical course at RWTH Aachen 
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The term          
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was added to adjust the velocity of the falling sphere, in consideration of the fluid that 
flows past the sphere and distorts the measured velocity.  
To measure the density of honey I filled 25 ml, 50 ml, and 75 ml in a beaker glass and 
weighed it. The density is calculated as = weight / volume. From the 18 measured data I 
calculated the density honey= 1.47 ± 0.04 g/cm³. 
The density of the spheres is calculated by their weights and radii: 
sphere weight [g] radius [cm] density [g/cm³] 
1 16.5 0.79 7.96 ± 0.27 
2 28 0.95 7.78 ± 0.02 
3 60 1.22 7.84 ± 0 
4 80 1.35 7.81 ± 0 
 
With these data I calculated the viscosity for each sphere: 
sphere viscosity [g/cm*s] 
1 140,77 ± 2.37
2 152.59 ± 6.17 
3 191.05 ± 7.24 
4 227.14 ± 8.32 
 
It is obvious that the measured viscosity increases with bigger spheres, but so also does 
the standard deviation. Maybe honey does not behave like a Newtonian fluid.  
10 
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3.2 Brittle materials 
The properties of the brittle materials are a bit more difficult to define. The chosen 
materials are gypsum, flour, starch and powdered sugar. First of all, I measured the 
density of these materials, by filling them in a beaker glass (50 ml, 100 ml, 200 ml, 300 
ml) and weighing them. As said before, the density is calculated as = weight / volume. It 
has to be noted that these fine-grained powders compact with different rates during 
filling, so a mistake has to be expected.  
material density [g/cm³] 
flour 0.67 ± 0.01 
gypsum 0.41 ± 0.01 
starch 0.61 ± 0.01 
powdered sugar 0.47 ± 0.02 
 
As these materials will form boudins in the experiments, it is especially interesting to find 
a value that compares their brittleness. One possible value is the friction angle that 
describes the maximum side-angle a cone of the material can have. To find out the 
friction-angle, I raised a cone with a sieve and measured the angle with a set square (fig. 
4). The measurement shows low deviation, so it seems to be a good method. 
material friction angle [°] 
flour 55.4 ± 0.5 
gypsum 54.4 ± 0.5 
starch 57.2 ± 0.8 
powdered sugar 64.2 ± 0.8 
 
Then a third study was made, to find out what the maximum thickness is to form a plane 
fracture under tensile stress. For that I tried to disperse the material to form a wedge over 
the border of two side by side placed sheets of paper, and then pulled them apart. 
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Unfortunately, with this experimental set-up large blocks broke down and carried along 
parts that normally were stable (see figure 5), so it was impossible to measure exactly.  
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It was a better way to figure it out by increasing the thickness bit by bit to approach the 
maximum thickness.  
material max thickness [cm] 
flour 4 
gypsum 2.6 
starch 5.5 
powdered sugar 5.7 
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In fact, there is a correlation between the friction angle and the maximum thickness by 
which the material builds plane fractures, but a factor for the brittleness may only be 
estimated by the latter. Van Gent (2006) measured the tensile strength of gypsum 
powder at approximately 40 Pa. With a factor of about 2 for starch, it may have a tensile 
strength of at least 80 Pa.  
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Some testing showed that gypsum-powder has the best properties for boudin-forming 
experiments with the later explained setup, because the other materials are too strong 
and form no boudins with the used low extension-rates and layer thicknesses of 1 – 3 
mm. Furthermore, flour and starch have higher densities and sink into the syrup. 
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4. The general experimental setup 
The first idea for the experiments was to place a layer of brittle material between two 
layers of viscous material and let it float apart. To control the extension-rate, these 
experiments should be performed in some kind of sandbox which is shown in figure 6.  
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The first experiment with a simple box setup, seemed to be auspicious, but it turned out 
that in the sandbox the rate of extension was too low and no boudins formed. To form 
boudins at this low extension-rate it would be necessary to use very thin brittle layers, but 
it is impossible to put a second syrup-layer above a thin brittle layer without stirring it. 
During another early-made experiment with a double-viscous-layer setup and radial 
extension (fig. 7 A), it was realized that boudins also form, when a syrup layer and a 
brittle layer are stacked without a second syrup layer above them (shown in detail 
magnification, figure 7 B).  
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This setup was really easy to build and allowed a lot of variations, so it was used for the 
following experiments. But it had also some distinctive differences with negative effects, 
which were explained in chapter 2.1. Because of the characteristics of this single-
viscous-layer-system, equation (1) did not work exactly and it was impossible to influence 
the three-dimensional shape and orientation of the boudins. So neither shearband- and 
domino-type boudins nor drawn boudins could be formed.  
In this formerly mentioned experiment with radial extension and a double-viscous-layer 
setup, a mixture of sand and starch was used as brittle material to increase its weight. 
Except for the boudins on the surface, another interesting phenomenon is visible: drawn 
boudins (see figure 7 B). This kind of boudins, which has connections between the 
boudin blocks, forms when there is a lower viscosity-difference between the two 
materials.  
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5. Experiments: different geometries and their consequences 
The effects of different flow- and layer-geometries on the evolution and shape of boudins 
are shown by experiments and discussed in the following chapters: 
5.1 Series of experiments with radial extension – 3 different thicknesses 
Aim of this first series of experiments was to show the principal way of forming boudins 
and a first qualitative correlation between the width of boudins and the thickness of the 
brittle layer under the influence of a radial extension.  
As setup, a preformed circle of 10 cm radius gypsum powder was sieved on top of a 
circle of syrup with 14 cm radius. During the radial extension of the viscous layer, 
according to the theory, boudins have formed in the brittle layer. Three experiments with 
different brittle material thicknesses were done in this series: 1.5 mm (A), 2.5 mm (B) and 
3.5 mm (C) (fig. 8).  
As expected, the first fractures formed in a typical radiating structure, caused by the 
radial extension. Then more fractures normal to the extension-direction (at 1.5 mm and 
2.5 mm layer-thickness) or more radiating fractures (at all thicknesses) formed. In 
experiment C with 3.5 mm gypsum powder, only radiating fractures appeared. In the 
experiments B and C a boudin block remained unfractured in the middle of the brittle 
layer, which was not the case in experiment A.  
The radiating orientations of the initial fractures were a result of the radial extension. The 
forces that caused the extension summed up and got their maximum strength at the 
intersection lines where the fractures formed. Experiment C showed only radiating 
fractures, while A and B had also fractures normal to the flow directions. The simple 
reason for that is the difference in the brittle layers’ thicknesses. The single extension-
forces, which caused these flow-normal fractures, were, because of its high layer-
thickness of 3.5 mm, too low to cause fractures in experiment C. 
In the experiments B and C a boudin block exactly in the middle attracted attention. It got 
not further boudinaged, because the radial extension-forces nearly annihilated 
themselves in the middle. This effect was not obvious in experiment A, where the brittle 
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layer was initially thinner and weaker. On the contrary, the boudins were smaller in the 
middle, but it is possible that the layer’s thickness decreased a little bit in this area. 
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5.2 Experiments with longitudinal extension 
5.2.1 Uni- & bidirectional experiments 
There is a significant difference between uni- and bidirectional boudinage, caused by 
extension in one or in two directions, which is shown in the following chapter.  
The first experiment (fig. 9 A1 - A4) was made with a viscous layer of about 5 mm 
thickness and a brittle layer of 2 mm gypsum powder, arranged in a rectangle of 8 x 6 
cm. The extension of the viscous layer was forced in only one direction by a simple 
experiment setup with boundaries at the three other sides. 
In figure 9 A1 it is visible, that already in the beginning of the extension fractures formed 
consistently distributed all over the brittle layer. In the following pictures (fig. 9 A2 - A4) it 
gets obvious that nearly all boudins were formed in the beginning. Only one fracture, 
orientated in the flow direction, opened new and a few smaller boudins formed in the 
border areas of the brittle layer, where the layer-thickness decreases. 
With further extension (fig. 9 A3) relay-ramps appeared, which was a frequently occurring 
phenomenon in experiments with longitudinal extension. Most of them were placed on a 
line in the middle of the brittle layer and rotated anticlockwise. One larger relay-ramp 
(marked with an arrow) is placed a little bit more in the upper part and rotated clockwise. 
The second experiment (fig. 9 B1 - B4) was also made with a viscous layer of about 5 
mm thickness, but this time the thickness of the brittle gypsum layer was about 3 mm. 
However, the main and interesting difference to the first experiment was the bidirectional 
extension, which was forced by borders at two sides of the viscous layer. 
In the first picture (fig. 9 B1) only one fracture appeared exactly in the middle of the brittle 
layer and normal to the flow direction. Primary in the second picture (fig. 9 B2) more and 
at least all formed fractures are visible. 
Some of these newly-built fractures had a slant orientation and crossed other fractures, 
especially in the right part. With further extension, no more boudins formed, but a few, 
very small relay-ramps appeared with different rotation directions. 
19 
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As a result of these two experiments, it became obvious that a main difference between 
them was the location and the number of the initial fractures. The first experiment with 
unidirectional extension showed a few fractures which were consistently distributed (fig. 9 
A1). This distribution is caused by a constant extension in the same direction over the 
complete brittle layer.  
In the second experiment the viscous layer had two flow directions and with that it had a 
midpoint which separated these flow directions. This led to the obvious effect of only one 
initial fracture in the middle, orientated normal to the extension-direction (fig. 9 B1). In the 
beginning the highest extension-forces were located in the middle, where the extensions 
faced opposite directions. Afterwards more fractures were formed by the two, now 
constant, extensions.  
The slant and curved structure of the boudins was caused by differences in the thickness 
of the brittle layer and had no relation to the extension-directions. In this experiment 
relay-ramps were not that obvious as in the previous one. This might be caused by the 
lower number of boudins which was a result of the larger thickness of the brittle layer. 
The unconformable orientation of the fractures might be another reason.   
 
5.2.2 Series to show the dependence on the boudin width of layer thickness and 
extension-rate 
This series of experiment should show a dependence on boudin width to extension-rate 
and the brittle layer’s thickness. For that, three experiments with the same setup were 
performed. A 1 cm thick viscous layer of syrup was placed in a closed case (15 x 15 cm) 
and a brittle layer of 7 x 11 cm was sieved on it. The thickness of the brittle layers 
increased from experiment A with 1.5 mm to B with 2.5 mm and C with 3.5 mm. The 
extension began with the removal of the right barrier. 
The pictures (see figure 10) were taken in each experiment after an extension of 5 cm to 
achieve comparability.  
In all three experiments the boudin width increased from the right side to the left and as 
obvious in figure 10, boudin width increased also from experiment A to C. Notable is a 
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large boudin block in experiment A, which had a larger width than all boudins in 
experiment B with higher brittle layer’s thickness. 
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5.2.3 Boudinage with fan-shaped extension 
The aim of this experiment was to investigate the effects of a fan-shaped extension. A 
case with one open side was used as setup. It was filled with an approximately 5 mm 
thick syrup layer which was overlaid by a 1 mm thick layer of gypsum powder (fig. 11 A).  
As the extension began, it was at first unidirectionally orientated, and so fractures normal 
to the flow direction and small relay-ramps formed (fig. 11 B and C) similar to experiment 
5.2.1. A (compare figure 9 A3).  
By reaching the open side, the viscous material started to expand in a fan-shape, which 
had interesting effects on the boudinage (fig. 11 D). In the upper right part, small boudins 
were formed by fractures orientated in the initial flow direction. In the lower right part, a 
beginning curved fracture, which will separate a boudin named “a”, is visible. The next 
picture (fig. 11 E) shows a proceeded spreading in the right part, attended by the 
expansion of the curved fracture in the lower right part and a slight movement of boudin 
“a”. Inside the box, the extension kept unidirectional, so no more boudins formed and no 
rotation or other movement occurred, except for the elongation.  
Figure 11 F shows at last the complete consequences of a fan-shaped extension. While 
the boudins in the middle of the flow moved further to the right side, the ones in the upper 
and lower right part had nearly no movement to the right, but only up or down. The result 
of these movements is best visible at boudin “a”, which rotated clockwise a little bit and 
was located nearly behind another boudin, it was originally connected to.  
The flow geometry, which caused these boudin movements, is explained in the 
discussion (page 38). By reaching the end of the box, the viscous layer expanded up and 
down, causing the spreading of the boudins at the front and the rotation at the upper and 
lower right part. While in the upper part the thickness of the brittle layer decreased and 
smaller boudins were formed, the thickness in the lower part remained about 1 mm and 
the result was the visibly curved fracture separating the larger boudin “a”.  
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5.2.4 Boudinage with forced boundary effects 
This experiment should show what happens when the brittle layer has strong boundary 
effects. As setup, a brittle layer of about 1 mm gypsum powder was sieved on a 5 mm 
viscous layer with unidirectional extension. To force boundary effects, the brittle layer 
was extended to the boundaries which restricted the viscous layer (see figure 12 A).  
The first fractures appeared in two curved lines with disruptions in the upper part, visible 
in figure 12 B. In the following evolution, mainly in the upper part new fractures opened, 
amongst others en-echelon fractures (marked in figure 12 C). 
The next distinctive evolution was the building of another curved fracture at the front of 
the brittle layer, separating boudin blocks ”a” and “b”, visible in figure 12 D, accompanied 
by a beginning rotation of the block “a” and a further enlargement of the en-echelon 
fractures, which led to a boudin “c”. 
Two more new fractures appeared in figure 12 E, one crossing the boudin-block “a” in a 
slant line and another one on the left, splitting up a smaller part of a large boudin (marked 
with a black arrow). Block “a” itself continued rotating, which is visible at a gap between 
the block and the boundary (marked with a red arrow) The orientation of the en-echelon 
fractures changed to the flow-direction and their connections began to break up, while 
the boudin “c” began a anticlockwise rotation. 
Figure 12 F shows the enlargement of the existing fractures and the further rotation of 
block “a” (clockwise) and “c” (anticlockwise). No more new fractures appeared. 
The many smaller fractures in the upper part were a result of the higher extension-rate in 
this area, which furthermore led to the forming of small relay-ramps. The rotation of the 
boudins “a” and “c” was caused by the generally higher extension-rate in the middle of 
the viscous layer.  
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5.2.5 Thin layer with thicker layer in flow direction 
One principle difference to the most other experiments was the experimental setup. 
About 1 cm of sugar syrup was filled in a sealed tank of 15 x 15 cm. In this experiment 
first a 1.5 mm thick layer of gypsum powder, shaped as a square of 10x10 cm was 
sieved on the viscous layer. Then the thickness was increased up to 3.5 mm in the 
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middle of this layer in a stripe of 3x10 cm. After the layers had been built, one barrier was 
removed and the syrup started to flow and extend.  
After the beginning of the extension, the first fractures appeared on the right and formed 
boudins of very small width, which are visible in figure 13 A. With further extension (fig. 
13 B) the width of the formed boudins increased and two thin cracks appeared which 
were not normal orientated to the flow direction, but shaped around the thicker layer. 
These fractures opened more (fig. 13 C and D) and at the backside, mirrored to these 
new fractures formed. Furthermore, it became obvious that the boudins in the thicker part 
had larger widths than in the thinner part and a lot more cracks formed at the sides and 
wedged out to the middle. A kind of relay-ramp formed between two boudins blocks 
(marked) and rotated anticlockwise with further extension, but never lost contact to these 
blocks (fig. 13 B).  
On the upper and lower side of a large block with high thickness, slant fractures 
appeared (fig. 13 D and E), and opened further, partly as en-echelon structures (marked 
in figure 13 F) 
The small boudins, formed at the beginning, were a result of the high extension-rate, 
caused by the abrupt removing of the barrier and showed clearly the depending of boudin 
width to extension-rate. Further movement led to lower extension-rates and larger boudin 
width.  
The thicker layer in the middle had different effects:  
1. In the middle were fewer boudins than at the borders of the brittle layer, so 
fractures which began at the borders closed to the middle. 
2. A really large block remained without boudinage, separated by curved fractures. 
Caused by the slower movement of this large block, en-echelon fractures 
appeared. 
Figure 13 G shows the thickness-distribution of the brittle layer with a slant picture, 
according to the boudin width. So it becomes obvious that thicker brittle materials 
produce boudins of larger widths.  
27 
 
 
<>#
  
  "#   6
	=!":#
# 9   ##    ##   " #  


2#
28 
 
5.2.6 Thin layer with thicker layer diagonal to flow direction 
This experiment was similar to experiment 5.2.5 in its setup. The viscous layer was built 
by 1 cm of syrup in a sealed tank and then a 1.5 mm thick layer of gypsum powder (a 
square of 10 x 10 cm) was added. In the end, diagonally to the square the thickness was 
increased up to 3.5 mm. When the barrier on the right was removed, the syrup started to 
flow and boudins formed in the brittle layer.  
Analogue to experiment 5.2.5 the first boudins appeared with very small widths on the 
side of the removed barrier (see figure 14 A). At the beginning the effect of the diagonally 
thicker layer was already obvious. The fractures between the boudin blocks in the upper 
right part of figure 14 A showed convex curves. 
As visible in the following pictures, (fig. 14 B - D) larger boudin blocks formed, but most 
important, the orientation of the fractures changed from normal to flow direction within the 
thin layer to nearly normal to the diagonal thicker layer within this area.  
In this experiment a few blocks were also connected by relay-ramps (marked in figure 14 
D), which rotated during the extension and would, by further extension, have reached the 
same orientation as the extension. 
This phenomenon of the S-shaped fractures is caused by the property of the brittle 
material to form larger boudins within thicker layers. A lot of fractures started in the 
thinner layer with small intervals and grew until they reached the thicker layer. At this 
point the material demanded larger boudin blocks, which could only be formed by closing 
some cracks and redirect some others against the flow direction and normal to the thicker 
layer. When these fractures reached the other side of the thicker layer and passed into 
the thinner layer, they changed their direction again, now once again normal to the flow 
direction. 
Dashed lines mark the thicker layer in figure 14 A. To demonstrate the diagonal character 
of the thicker layer, figure 14 E shows the thickness distribution of the brittle layer and the 
formed boudins in a slant picture.  
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5.2.7 Thin layer diagonal to flow direction 
Similar to the previous experiment, the setup worked with a brittle layer aligned 
diagonally to the flow-direction. The brittle layer had a side length of 8 cm, a width of 3 
cm and a thickness of about 1 mm and was sieved on a viscous material (syrup) with 
constant extension-rate (unidirectional extension).  
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The first fractures appeared consistently distributed over the brittle layer and were 
orientated nearly normal to it (see figure 15 A). As they opened further, they began to 
show an S-shape in the lower part of figure 15 B, while they were orientated normal to 
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the layer in the upper part. With further extension the existing fractures opened further, 
but only a few more fractures opened. In the very upper part small boudins occurred, 
which were caused by a decrease of the brittle layer’s thickness. 
The remarkable S-shaped fractures also resulted from heterogeneity in the brittle layer’s 
thickness which is shown in figure 15 E. In the thinner parts, the fractures ran normal to 
the flow-direction, but when they reached the thicker part they changed their orientation 
to normal to the brittle layer’s direction in order to form boudins with increasing width.  
 
5.2.8  Flow into a tapered boundary 
This experiment deals with a different flow-geometry. Beginning with a unidirectional 
longitudinal extension, the viscous material flowed against a tapered boundary, modeled 
by fine grained sand. The brittle layer is made of a gypsum-powder rectangle with an 
edge-length of 6 x 7 cm and a thickness of ca. 2 mm. 
At the beginning, the first fractures appeared in the middle of the brittle layer and formed 
large boudins. During this period the influence of the tapered boundaries can be 
neglected (fig. 16 A). The two following pictures (fig. 16 B - D) also show no obvious 
influence of it, while the final boudin blocks and some relay-ramps formed.  
The first obvious effects became clear (fig. 16 D), where the large block “a” at the front 
began to rotate its lower part to the flow-direction, which led to a bigger distance to the 
next boudin, and also to the reversed rotation of the relay-ramp. Moreover, the smaller 
boudin “b” changed its moving-direction and drifted a little bit towards the middle of the 
layers. This motion let it again make contact with the block it was separated from before. 
Both abnormal motions are marked in the picture with arrows.  
The previous mentioned movements continued (figure 16 E), but also another boudin 
block attracted attention, the last one on the left. Noticeable is its thin width in the middle, 
which was responsible for its characteristically collapsing deformation. The upper and 
lower part of this boudin began to rotate to the middle in flow-direction. The movement is 
marked with arrows.  
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Between figure E and F a lot of important processes occurred, beginning with boudin “a”. 
As the boundaries got too narrow, it had to stop its motion, but, as a result of the 
continuous stress, a fracture appeared in its middle and began to break the block by a 
rotation movement. The small boudin “b” continued its movement to the middle, but in 
addition it rotated clockwise, while the large boudin “c” began to rotate anti-clockwise. 
The last boudin on the left closed further and gained new contact with boudin “c”.  
All these different movements of the boudins were caused by the changing flow 
directions of the viscous material. By analysis and interpretation of the orientation of the 
boudins the stress and strain directions of the viscous layer can be reconstructed (see 
discussion, page 38 f.).  
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5.2.9  Flow separated by a bar 
As in experiment 5.2.8, I experimented with another extension-geometry. Caused by a 
bar (built of fine grained sand) in the middle of the viscous layer, its flow was separated. 
The brittle layer again was formed by a rectangle of 6 x 7 cm of gypsum powder with 
about 1 mm thickness.  
With initial extension of the viscous layer, the brittle material started to form fractures and 
boudin blocks, which were evenly distributed. No distinctive features were shown, that 
differentiate from the other experiments (see figure 17 A). But at a little more extension, 
the first effects of the bar started to become visible. Fractures orientated normal to the 
first ones appeared in front of the barrier and separated a formerly single boudin into two 
new boudins (fig. 17 B). In the upper and lower right part of the picture, smaller boudins 
were formed by fractures diagonal to the original flow direction.  
These processes went on in as seen in figure 17 C, where more boudins formed and the 
changed extension-direction on the right pulled the front boudins apart. In figure 17 D, the 
orthogonal fractures in the front opened further and lengthened, moreover, a first boudin 
showed an anticlockwise rotational movement (marked with an arrow), induced by the 
inclined flow direction.  
In figure 17 E all fractures opened further and the formerly mentioned rotation went on, 
but also an anti-clockwise rotation appeared at a small boudin approximately in the 
middle of the picture (marked as “a”). By now it became obvious, that the flow-direction's 
change affected more and more boudins. A few blocks at the front already moved next to 
the barrier, connected by two anti-clockwise rotating relay-ramps.  
The last picture (fig. 17 F) showed a lot of dramatic changes. The boudins at the front 
moved completely alongside the bar and slowed down their sideward movement, while 
their relay-ramps continued rotating. Two blocks hit the barrier, deformed slightly and 
then rotated. Caused by their slowed down movement, the following boudins got closer. 
Noticeable is the large part in front of the barrier, where no boudins appeared. The 
sideward movement was so strong in this area, that all boudins were carried around the 
bar. The small boudin “a” was affected by the different flow directions and got separated. 
The upper part rotated clockwise and moved towards the upper part of the barrier, while 
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the smaller lower block rotated strongly anti-clockwise and moved towards the lower part 
of the barrier.  
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Similar to the former experiment, it is possible to gather the "paleo-stress"-information 
from the location and orientation of the boudins. The analysis is shown in the discussion 
(page 40). 
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6. Discussion 
6.1 Boudin width 
One of the main aims of this work was to investigate parameters which control the width 
of boudin blocks.  
In chapter 5.1 a series of three experiments was shown with radial extension and 
increasing brittle layers thickness. Because of the different shapes of the boudin blocks, 
caused by the radial extension and the two kinds of fractures, there is no point in 
measuring the size of the boudins, although it seems to be obvious that the size 
increased towards experiment C with 3.5 mm thickness. But as the initial brittle layer had 
the same size, it is a proper way to count the number of the formed boudins. The 
analysis is shown in figure 18. The linear trend line shows a tendency, but obviously the 
difference between experiments B and C is only very small and so these three 
experiments allow conclusions only with reservations. The small difference between B 
and C might be caused by heterogeneous thicknesses of the brittle layer.  
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The series of experiments in chapter 5.2.2 only had the aim to show the dependence of 
the brittle layer’s thickness and the extension-rate to boudin width. The dependence of 
the extension-rate is easily visible on the right of the brittle layer, where the boudins are 
very small, but increase as farther they get to the left (see figure 10). The reason for that 
different extension-rate was the experimental setup. In the beginning the viscous layer 
was lying flatly in the case, but when the right barrier was removed, the material on the 
opened side flowed first and fast, while on the left the layer remained unaffected. This 
effect is shown in figure 19. 
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Furthermore, after an extension of 5 cm, per experiment the boudins width was 
measured and averaged. In figure 20 these averaged boudin widths are plotted against 
the brittle layer’s thickness.  
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These three experiments show a better linearity than the radial-extension experiments. 
Small variations in the boudin width were caused by heterogeneities of the brittle layer’s 
thickness and small differences in the average extension-rate. 
Six further experiments with similar experimental setup (simple longitudinal extension) 
were used for another plotting of brittle layer’s thickness against boudin width 
(experiments 5.2.1, 5.2.3, 5.2.4, 5.2.7, 5.2.8 and 5.2.9). The result is shown in figure 21. 
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Obviously two experiments resulted in larger boudin widths than expected. In experiment 
5.2.4 the brittle layer reached to the boundaries and this led to a slow extension-rate and 
supporting effects within the brittle layer, which again caused large boudin widths. In 
experiment 5.2.8 the extension-rate was lowered by the tapered boundary and this slow 
extension-rate caused larger boudins. A linear trend line shows the linear behavior of the 
other experiments. This linearity verifies equation (1) (Kidan and Cosgrove, 1995), with 
respect to the different setups (single-viscous-layer vs. double-viscous-layer), which 
would change the steepness of the linear.  
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6.2 Boudin shape and movement depending on extension-directions 
The two-dimensional shape of boudins depends directly on extension-directions and 
homogeneous/heterogeneous extension-rates as well as the arrangement of the brittle 
layer’s thickness. Different brittle layers’ thicknesses led to the S-shaped boudins seen in 
experiment 5.2.6 (fig. 14) and 5.2.7 (fig. 15) or simple curved boudins as seen in 
experiment 5.2.5 (fig. 13). These curves were the result of a different number of boudins 
in the thicker layers.  
Another way of forming curved boudins is a curved extension-direction as in experiment 
5.2.3.  (see figure 11 F). The extension which caused this curve is demonstrated in figure 
22. 
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Moreover, the extension-directions control the movement of the boudin blocks as well as 
they cause rotations. This is mostly obvious in the experiments 5.2.8 and 5.2.9, where 
the flow of the viscous layer was forced into a wedge or separated by a bar. As the 
evolution and movement of the boudins was reported photographically, it was possible to 
reconstruct the flow geometries out of a point-track analysis. Such an analysis is shown 
in figure 23 for experiment 5.2.8 and in figure 24 for experiment 5.2.9. 
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6.3 Fracture evolution and relay-ramps 
The evolution of the fractures, separating boudin blocks, showed differences in the 
different experimental setups. With simple unidirectional extension all fractures appeared 
at the beginning, consistently distributed over the brittle layer. Further extension only led 
to an expansion of the fractures (see for example figure 9 A1 or figure 15 A). With 
bidirectional extension on the other hand, at first one fracture appeared exactly in the 
middle of the brittle layer, where the suture of the two extension-directions was located 
(see figure 9 B1). Afterwards the extension-rates got high enough on both sides to form 
further fractures. This fits to the results of Zulauf and Zulauf (2005), who made 
experiments with double-viscous-layer setup and bidirectional extension.  In experiments 
with strongly increasing brittle layer’s thicknesses (experiment 5.2.5) fractures formed in 
the thinner parts, but wedged out to the thicker areas.  
In experiment 5.2.4 curved fractures and en-echelon fractures appeared, which were 
formed by more complex effects than explained in chapter 6.2. The reason for the curved 
fractures and the en-echelon fractures was the special setup with forced boundary 
effects. The viscous material did not lose its height at the borders so fast as in the middle 
because of its adhesion at the boundary. Furthermore, the unidirectional extension led to 
a faster decrease of height of the viscous layer on the right, which caused a vertical 
stress on the brittle layer. A good indication for this effect was that the right fracture 
formed at first and the left one followed a short time later (fig. 12 B). So the effects in this 
experiment were not only boudinage, but also normal faulting and a slight rotation. Figure 
26 demonstrates the evolution of the curved fractures schematically.  
Mandal and Khan (1991) used a diagram, plotting the aspect-ratio against the angle of 
the fractures, which should show if a fracture separates boudins or forces boudins to a 
rotation and shear-movement. In most of the shown experiments only a separating of 
boudin blocks could be observed, which was caused by the nearly flat lying layers of the 
single-viscous-layer setup. An exception was experiment 5.2.4, where a higher angle and 
relatively large aspect-ratio (caused by boundary effects) had affected the formerly 
mentioned curved fractures, accompanied by a slight rotation, which, because of the 
small scale, was not visible. As it was impossible to measure the angle, figure 25 shows 
such a diagram after Mandal and Khan, where two areas are marked: A black circle 
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shows the location of the most experiments of this work, while a red circle shows the 
location of experiment 5.2.4. 
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As the experiments were performed in a small scale and observed only two-dimensional, 
but it was often noticed that fractures did not open over the full breadth of the brittle layer. 
Schenk, Urai and van der Zee (2007) found a situation similar to the simple experiments 
of this work in Naxos, Greece. In two-dimensions simple separation of boudins appeared 
predominantly, but a three-dimensional analysis showed that the boudins had 
connections. Furthermore, the location of kr, which separates the fields with simple 
separation and rotation, can be influenced by the finite length of the fractures and high 
displacement gradients (Schenk, Urai, van der Zee, 2007).According to their results it 
may be possible that most boudins in this work show a slight three-dimensional rotation 
and slip, which is simply not visible in this small scale.  
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Relay-ramps were a common phenomenon in the experiments (e.g. figure 9 A3 and A4) 
and also occur in nature (see figure 28). The best example from the experiments was 
experiment 5.2.1, where the fractures did not initially open over the full breadth of the 
brittle layer, but only over about half of it. This was a result of small differences in the 
extension-rate in the upper and lower part. A larger number of fractures appeared in the 
upper part than in the lower part and so they did not reach each other. To compensate 
this difference, the formerly mentioned relay-ramps formed.  
The orientation of these ramps is a result of the number and initial location of the 
fractures. In consequence of the continued extension, relay-ramps rotate clockwise or 
anticlockwise depending on their initial orientation to the boudin blocks. This effect is 
schematically shown in figure 27. In experiment 5.2.1 the extension-rate was a little bit 
higher in the upper part which led to more fractures in this area, to the relay-ramps and to 
their anticlockwise rotation (fig. 9 A3 and A4). Relay-ramps also form under the influence 
of light differences in the brittle layer’s thickness, what might have happened in figure 28. 
It is possible that relay-ramps will gain such a large width that they get boudinaged again 
by a D2-boudinage (according to Zulauf and Zulauf, 2005). But this could not be noticed 
in the experiments. 
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6.4 Open questions  
Because of the general experimental setup with a single-viscous-layer-system and an 
extension which based on the flow of the viscous layer, there are a few questions this 
work cannot answer: 
1. Is the influence of the extension-rate linear? 
2. What influence does the viscous layer’s thickness have? 
3. What controls the three-dimensional shape of boudins in a double-viscous-layer 
setup (which setup or material properties will form drawn boudins)? 
4. What is the consequence of different extension-rates in a double-viscous-layer 
setup? 
5. What is the effect of uneven bedrock? 
7. Conclusions 
The main conclusions of this work are: 
• The boudin width depends mainly on the brittle layer’s thickness and the 
extension-rate. 
• The time and place where fractures form depends on changing extension-
directions.  
• The two-dimensional shape of boudins is a result of different extension-directions 
and heterogeneous brittle layer’s thicknesses. 
• Relay-ramps form, when the number of boudins within a brittle layer varies, 
caused by heterogeneous brittle layer’s thicknesses or differences in the 
extension-rates. 
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Appendix to the bachelor-thesis „The analogue modeling of boudins” 
 
Boudins form in brittle materials, when the drag-force on the brittle-material’s surface 
(Fd) increases to a larger value than the force, which is caused by the tensile-strength of 
the brittle material and acts against the drag-force (FT). With the data arrived from the 
experiments 5.2.2 and the previously measured material-properties, it should be 
possible to demonstrate this relationship and prove the usage of the experimental setup. 
Figure 1 shows the geometry of the parameters which are used in the following 
calculations. 
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According to the elementary fluid-dynamics the shear-stress () on the surface of a fluid 
is defined as  
(1)
 
 dz
dv
⋅=ητ
,     
where  is the dynamic viscosity, v is the velocity on the surface and z is the thickness of 
the viscous material. 
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Furthermore, a relationship between the shear-stress  and the drag-force (caused by 
friction) (Fd) on a defined surface-area (A), which is caused by friction, is given as 
(2)
  A
Fd
=τ
. 
Combining equations (1) and (2) leads to the searched equation: 
(3)
  dz
dvAFd ⋅⋅= η . 
The tensile-strength of the used gypsum-powder is given with ST = 9 Pa (van Gent, 
2006). The inner force (FT) of the brittle layer, which acts against the drag-force, is then 
calculated as 
(4)
  1yhSF TT ⋅⋅= , 
where ST is the tensile-strength, h is the thickness of the gypsum-powder and y1 is its 
length in y-direction. The thickness h is different for each experiment (A: 0.0015 m ; B: 
0.0025 m; C: 0.0035 m), but the y-length can be neglected and set as 1 m, because the 
drag-force is, due to the single-direction-flow, the same for each particle in y-direction. 
Equation (4) now gives the forces FT for experiment A: FTA = 1.35 * 10-2 kg*m*s-1; 
experiment B: FTB = 2.25 * 10-2 kg*m*s-1 and experiment C: FTC = 3.15 * 10-2 kg*m*s-1. 
The first material-property that was measured in this work was the viscosity of the used 
sugar-syrup. During this measurement, different viscosities were noticed, depending on 
the used setup. The average viscosity was calculated to 17.7 Pa*s. As unknown 
temperature differences appeared between the experiment 5.2.2. A, and the 
experiments 5.2.2 C and D, causing differences in the viscosity, B/C =18 Pa*s is used 
for experiments B and C, and, to adjust the shear-stress (which should be the same by 
similar experiment setups), a viscosity of A = 14 Pa*s is used for experiment A.  
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As it was not possible to measure the variation of the velocity (dv) depending on the 
variation of the viscous-layer’s thickness (dz), instead average/static data are used and 
so equation (3) changed to 
    
(5)
   z
vAFd ⋅⋅= η
 
So the next data which is needed is the flow-velocity v. As the average boudin-width was 
measured after an extension of x = 0.05 m, the velocity can be calculated with the time 
(t) the syrup needed to reach this extension. As said before, the viscosity was a little bit 
lower in experiment A, caused by a higher temperature. Because of this, for experiment 
A the time was measured as t = 55.5 s. In experiments B and C a time of t = 71.4 s was 
measured. As the velocity is  
(6)
   t
x
v =
, 
the velocities can now be calculated for experiment A: vA = 9.009 * 10-4 m/s and for 
experiments B and C: vB/C = 7,003 * 10-4 m/s.  
The viscous-layer’s thickness (z) was averagely taken after the previously mentioned 
extension of 0.05 m and has a value of z = 7.5 * 10-3 m.  
The surface A is defined as  
(7)
  2ylA ⋅= , 
with l: average width of the formed boudins; y2: length in y-direction, which can be set as 
1 m, due to the same reason that was explained before. The boudin-width is for 
experiment A: lA = 0.0094 m; experiment B: lB = 0.01015 m; experiment C: lC = 0.01136 
m. With equation (7), these widths lead to AA = 9.4 * 10-3 m², AB = 1.015 *10-2 m² and AC 
= 1.136 * 10-2 m². 
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With these data, the drag-force Fd can be calculated using equation (5). This calculation 
is shown in table 1, where also the inner force of the gypsum powder FT is listed to allow 
an easy comparison of the two forces.  
experiment A B C 
viscosity  [Pa*s] 14 18 18 
surface A [m²] 9,40E-03 1,02E-02 1,14E-02 
velocity v [m/s] 9,01E-04 7,00E-04 7,00E-04 
thickness z [m] 7,50E-03 7,50E-03 7,50E-03 
drag-force Fd [kg*m/s²] 1,58E-02 1,71E-02 1,91E-02 
force within the gypsum FT [kg*m/s²] 1,35E-02 2,25E-02 3,15E-02 

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Obviously the values of Fd and FT show only low disparities. But while for experiment A 
Fd is bigger than FT, it does not increase that much for experiment C and D and is there 
lower than FT. This might have different reasons:  
Variations in the thickness of the gypsum-layer have lots of influence. A thinning of 0.5 
mm would in experiment C lead to FT = 2.7 * 10-2 kg*m/s², which is a decrease of 0.45 * 
10-2 kg*m/s². 
A huge uncertainty is the viscosity, which may easily change Fd in the range of 0.4 *10-2 
kg*m/s²
.  
A last but important point is the averaged viscous-layer thickness z. In the experiments, 
z was not homogeneously distributed, but had a steep dip caused by the experimental 
setup. Such a dip in turn may cause small normal faults within the brittle layer, which can 
weaken it, and so lower drag-forced are needed to form fractures. 
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